to be expressed in a free-running manner, and its ability to be entrained by an external light cue. Similar findings were reported for mper1 (Sun et al., 1997; Tei et al., 1997) , but the zeniths of expression of mper1 and mper2 differ by approximately 4 hr. The striking response of these genes to environmental light in an entrainment experiment raises the possibility that expression of the mper genes is light-inducible, as had been reported for frequency, the pacemaker gene of Neurospora crassa (Crosthwaite et al., 1995) . We find that in the retinorecipient region of the SCN, mper1 but not mper2 is rapidly induced by a pulse of light at CT22. Thus, mper1 may not only be a clock component but also a target of the light-activated input pathway of the circadian machinery.
Results

Isolation and Characterization of mper2 cDNAs
Since the expression of mper1 displays expression properties expected from a circadian gene, we wanted to test the hypothesis that other genes that encode A predominant band of about 7 kb is detected.
proteins homologous to mper1 may have a similar function. The protein sequence encoded by the human PER1 gene was used to search the Genbank data base. BLAST encompasses approximately 260 amino acids and conand FASTA searches revealed high sequence similarity tains two imperfect repeats of about 50 amino acids of the open reading frame (ORF) of hPER1 with an ORF each (PAS A and PAS B motifs, Figure 2 ). In addition, encoded by a human cDNA designated as KIAA0347
there is a 40-45 amino acid region C-terminal to the (Nagase et al., 1997) . A BLAST search yielded a homol-PAS B repeat, known as the PAC motif (Ponting and ogy probability score P(N) of 7.1 e Ϫ271 between hPER1 Aravind, 1997). and KIAA0347-P(N) is the probability of finding a segAs shown below, the new mouse gene displays a ment pair with an equal or greater match (Altschul et circadian rhythm of expression. This striking feature, al., 1990). As a point of reference, the score between and the significant sequence homology to mper1 ( Figure  hPERI and the Drosophila period gene product was 2.2 2), suggests that a member of the period family of PAS e Ϫ23 . hPER1 and KIAA0347 are 47% identical and 70% domain proteins was isolated. Accordingly, we named homologous (identity, conserved, and neutral substituthis gene mper2. tions).
Use of the PHDsec program (EMBL) for secondary To identify the mouse homolog of this human gene, structure analysis revealed that the N-terminal region of we applied the RT-PCR technique using mouse brain mper1 contains a putative basic helix-loop-helix (bHLH) cDNA as template. The nucleotide sequence of the isomotif (Sun et al., 1997) . The mper2 predicted amino acid lated 539 nt long PCR product was 81% identical to sequence was subjected to the same analysis. There KIAA0347, suggesting that we had isolated the mouse are two helical regions, separated by about ten amino homolog of this gene. A Northern blot was probed with acids that may have conformations typical for a loop the PCR fragment and revealed a predominant band at ( Figure 2 ). The mper1 predicted protein has three basic about 7 kb in most mouse tissues (Figure 1) . mper1 is amino acids in the putative basic region, whereas mper2 expressed in the same tissues and also in skeletal mushas only two. Having such a bHLH motif would qualify cle and in testis (Sun et al., 1997) .
the mper proteins as transcription factors. However, To obtain a longer cDNA, we screened an adult mouse given the low content of basic residues in the basic brain cDNA library with the 539 nt PCR probe and identiregion, it remains open as to whether mpers are indeed fied seven cDNAs. Restriction enzyme mapping sugtranscription factors. As a point of reference, known gested that these clones were overlapping fragments bHLH transcription factors have between 5 and 7 basic of the same gene. A cDNA of about 6 kb in length was residues in the basic region, some of which make consequenced in both directions and translated into an ORF tact to the DNA (Ma et al., 1994) . consisting of 1257 amino acids (Figure 2 ). Protein seUsing BLAST and FASTA analysis, the predicted proquence comparison between mper1 and the new mouse tein sequence of mper2 was compared to currently gene revealed 47% identity. When conserved and neuknown PAS domain-containing proteins. Although there tral substitutions are included, homology was 70% (Fig- is significant homology between the PAS domains, the ure 2). In the PAS domain, the amino acid sequence proteins, other than the period family of proteins, are identity was 61%. This domain is involved in proteinvery divergent in the rest of the ORF. The predicted protein interactions (Huang et al., 1993; Lindebro et al., sequences of the currently known PAS domain proteins 1995; Zelzer et al., 1997) and was initially observed in implicated in circadian functions were analyzed by Drosophila Period (Per), in human aryl hydrocarbon re-BLAST comparison. The salient points of this compariceptor nuclear translocator protein (ARNT), and the Drosophila Single minded protein (SIM). The PAS domain son are: (1) mper1 and mper2 are the most homologous Alignment of the two protein sequences was carried out by the pattern-induced multi-sequence alignment program (PIMA) and revealed marked identity between them (Smith and Smith, 1992) . The amino acids shaded in red are identical, those shaded in blue are conserved substitutions, and those shaded in green are neutral substitutions. The bHLH motif, the PAS A, PAS B, and the PAC motifs are indicated by horizontal lines. The PAS A, PAS B, and PAC motifs constitute the PAS domain.
proteins-BLAST probability score P(N) of 7.1e Ϫ271 . (2) mper2 Is Expressed in a Diurnal Pattern in the SCN mper2 is closer to the Drosophila period gene product than is mper1-BLAST probability score P(N) of 3.0e
Ϫ24
Putative circadian regulator molecules should have the following characteristics. First, their expression should and 2.2e
Ϫ23
, respectively. Specifically, the overall percent homology between mper2 and per is 53%, whereas oscillate with a 24 hr rhythm. Second, they should be expressed in the SCN, a group of hypothalamic neurons this figure drops to 44% when comparing mper1 and per. (3) The clock protein, the only mammalian PAS dofunctioning as the master regulator of mammalian circadian rhythms (Ralph et al., 1990) . Third, circadian exmain protein for which there is functional evidence for involvement in circadian rhythms (King et al., 1997) , is pression must persist in the absence of environmental cues such as light (free-running condition). Fourth, the distantly related to the period family members where BLAST probability scores, P(N) between 1.6e Ϫ4 and intrinsic rhythm of expression should be reset by changes in the oscillation of environmental cues (entrainment). In 7.1e Ϫ9 are observed for the various comparisons. Since mper2 is related to mper1, it is possible that mper2 is what follows, we show that mper2 meets these criteria. Expression of mper2 in sections of brains from 129/ also part of the circadian oscillator. SvEvBrd adult male mice were analyzed by in situ hy-ZT12, ZT18, and ZT24 for mper1 (top row, yellow signal) and mper2 (bottom row, red signal). As previously rebridization, using an antisense mper2 riboprobe. Animals were kept in a 12 hr light/12 hr dark cycle and were ported (Sun et al., 1997; Tei et al., 1997) , mper1 is maximally expressed at about ZT6. mper2 is also expressed sacrificed at zeitgeber time (ZT) 12 and ZT24 (ZT0 is when the lights come on, and ZT12 is when the lights at ZT6, but transcripts are more abundant at ZT12 (Figure 4) . Thus, there is a distinct difference in the temporal go off). Expression of mper2 was seen in the SCN at ZT12 ( Figure 3A ) but not at ZT24 ( Figure 3B ). There was expression profile between the two mper genes. However, there is an overlap in expression, and if transcript constitutive expression in the cornu ammonis and in the dentate gyrus of the hippocampus ( Figure 3C ). Exprespatterns reflect those of the proteins, it is possible that the mper1 and mper2 proteins interact in the SCN sion was also seen in the piriform cortex ( Figure 3D ). In the olfactory bulb, transcripts are primarily found in the through the PAS domain. glomeruli, the region where the olfactory neurons form synapses with the mitral cells ( Figure 3E ). Control hyCircadian Expression of mper2 in the SCN Persists Under Free-Running Conditions bridizations with a mper2 sense riboprobe show no significant signal ( Figure 3F ). Expression in the cerebral To examine whether mper2 continues to be expressed in a circadian fashion under constant darkness, 129/ cortex was low (data not shown). We also examined mper2 expression in the pars tuberalis and the Purkinje SvEvBrd males were transferred from a regular light/ dark cycle to a dark/dark cycle. Starting 72 hr later, neurons of the cerebellum. In 129/SvEvBrd mice, these tissues expressed mper1 in a circadian fashion (Sun et animals were sacrificed every 6 hr. mper2 expression in the SCN of these animals is depicted in Figure 5 . At al., 1997), but at ZT6, ZT12, ZT18, and ZT24, mper2 is not detectable (data not shown). Taken together, mper2 subjective Circadian Time 6 (CT6), expression in the SCN was low. At CT12, transcript levels had increased is expressed in the SCN in a diurnal fashion but differs from mper1 in that it is not expressed in the pars tumarkedly, but by CT18, gene activity had declined to background levels ( Figure 5 ). We conclude that the diurberalis and the Purkinje neurons, where mper1 displayed a circadian expression pattern (Sun et al., 1997) .
nal expression pattern and the zenith of mper2 expression is maintained under free-running conditions. This We next compared the time course of mper1 and mper2 expression in the SCN using adjacent sections indicates that this gene has this characteristic of a circadian clock gene. from the same animal. Figure 4 shows data for ZT6, 
Entrainment of mper2 Expression by Light
completed within this time period (Figure 6 , middle row). This is reminiscent of mper1, whose entrainment is also A change in the external light/dark cycle affects the expression pattern of circadian genes (Hardin et al., completed within 8 days (Sun et al., 1997) . Those animals that were subjected to a 12 hr shift and were analyzed 1990; Saunders et al., 1994; Crosthwaite et al., 1995; Sun et al., 1997) . To test whether mper2 transcript levels by day 14 of treatment also adjusted their peak expression to the new ZT12 ( Figure 6 , bottom row). From these are affected by a shift in the light/dark cycle, C57BL/6 mice were transferred to a 12 hr light/12 hr dark cycle, data, we conclude that mper2 expression could be entrained to a changed light/dark cycle. Thus, this gene which had been advanced by either 6 or 12 hr. Animals were analyzed on the day of the transfer to the new is entrainable like mper1. condition, and after 8 days (in the case of the 6 hr shift) or after 14 days (in the case of the 12 hr shift). An adjustmper1 but Not mper2 Is Induced by a Pulse of Light ment of maximal expression is clearly seen in Figure 6 . At day 0, that is, prior to entrainment, expression peaked We could infer from our light entrainment experiments that the expression of both mper genes is influenced at ZT12 (Figure 6 , top row). After 8 days of entrainment, the 6 hr shift experiment again displayed maximal exby the light of the zeitgeber. However, these observations do not establish whether these two genes confer pression at ZT12, indicating that entrainment had been photic response to the circadian clock. The circadian 1990; Kornhauser et al., 1992) . The left column in Figure  7 illustrates that mper1 expression is initiated toward regulatory gene period from Drosophila cannot be induced by a pulse of light (Hunter-Ensor et al., 1996;  the end of the light pulse and becomes very strong by 30 min. mper1 transcripts are initially confined to the Zeng et al., 1996) whereas frequency (frq), a circadian regulator in Neurospora, is light-inducible (Crosthwaite ventrolateral region of the SCN, but later mper1 mRNA is found throughout the SCN (Figures 4 and 7, 120 min et al., 1995) .
Classical physiological studies establish that, during time point). The SCN of control animals that were not exposed to light but sacrificed at 120 min (CT24) did the subjective night but not during the subjective day, a pulse of light can shift the phase of the circadian not exhibit any mper1 expression (data not shown). c-fos induction (center column in Figure 7 ) is slightly rhythms of mammals (Aschoff, 1969) . This suggests that circadian regulators exist in mammals that respond to more rapid than that of mper1, with transcripts first detected at 7 min. However, expression is transient, such light pulses. To examine whether mper genes are turned on by a light pulse, animals were exposed to a declining after 30 min (see also Kornhauser et al., 1992) . Similar to mper1, c-fos transcripts are confined to the 15 min long light pulse at CT22, which falls into the subjective night period. Animals were sacrificed at 7, ventrolateral SCN region. mper2 behaves differently toward a light pulse. Unlike the two other genes, there is 15, 30, 60, and 120 min, whereby t ϭ 0 is the onset of light. Figure 7 shows the expression of mper1, mper2, no increase in transcription throughout the 2 hr period of observation (Figure 7 , last column). Examination of a and c-fos, an immediate early gene that is rapidly induced by light during the subjective night (Aronin et al., specimen after 4 hr following the light pulse (CT2) did not reveal significant mper2 expression (same level of transduced to the SCN through the retinohypothalamic tract (RHT) (reviewed by Moore, 1995) . In the retinorecipexpression as CT24 control animals). This suggests that, at least as assessed by in situ hybridization, mper2 exient area of the SCN, the region into which the RHT projects (Hendrickson et al., 1972 ; Moore and Lenn, pression is not induced by a pulse of light at CT22. 1972; Johnson et al., 1988) , this results in a glutamate release, evoking a calcium influx, which may activate Discussion the nitric oxide signaling cascade (Ding et al., 1994; Hastings et al., 1995; Schwartz et al., 1995) . The molecuIn many instances, several vertebrate homologs have lar targets of this signal transduction process are one been found for each Drosophila gene involved in signal or several proteins of the circadian clock. The properties transduction. Recent work has identified a mouse gene of the per gene products qualify them as putative circaencoding a putative circadian protein named either dian clock components, and as such, they are potential m-rigui (Sun et al., 1997) or mper (Tei et al., 1997) .
targets of the signal mediated through the RHT. We Here we call it mper1. In addition, a cDNA sequence found that mper1 is induced by a pulse of light within (KIAA0347) that encodes a protein with significant ho-15 min after turning on the light source. Induction of mology to the Drosophila Period protein has been remper1 by light initially occurs in a small number of venported (Nagase et al., 1997) . In a recent study (Sun et trally located cells, and by 30 min, mper1 transcripts al., 1997), we noted that KIAA0347 encodes a protein are found in a broader but still ventral region of the SCN. homologous to human PER1. The function of KIAA0347 This is the retinorecipient area (Hendrickson et al., 1972 ; was not known, which prompted us to search for the Moore and Lenn, 1972; Johnson et al., 1988 ) also characcorresponding mouse homolog. A RT-PCR strategy was terized by the expression of several neuropeptides (reused to isolate this mouse homolog, which we have viewed in Card and Moore, 1991) . Between 60 and 120 designated mper2. Here we show that mper2 is exmin, more dorsal neurons also initiate mper1 transcrippressed in a circadian pattern in the SCN, maintains tion. This broadening of expression eventually leads to expression under free-running conditions (constant the uniform expression encompassing the whole SCN. darkness), and can be synchronized to the cycle of an The induction of mper1 by a pulse of light provided external light source (entrainment). These are hallmarks at CT22 occurs rapidly. Transcriptional activation of imof a circadian gene. Expression of mper1 and mper2 mediate early genes such as c-fos and junB respond in the suprachiasmatic nucleus is overlapping but not slightly faster, but on a similar time scale (Kornhauser synchronous. mper1 transcripts culminate approxiet al., 1992; this study). However, unlike mper1, none of mately 4 hr prior to that of mper2. We further show that these immediate early genes show a circadian expresthe SCN of animals exposed to a pulse of light begins sion pattern. At the time of initiation of mper1 expression transcription of mper1 within 7-15 min. At CT22, mper2 around ZT4 (Tei et al., 1997) , c-fos is not inducible by is not directly light-inducible and thus behaves more light (Kornhauser et al., 1992) . frequency (frq), a circalike the Drosophila per gene, which is not inducible by dian clock gene in Neurospora crassa, is turned on by light (Hunter-Ensor et al., 1996; Zeng et al., 1996) . light after 5 min and achieves maximal induction by 15 The in situ hybridization analyses of the SCN of animin (Crosthwaite et al., 1995) , a time scale similar to mals kept in a 12 hr light/12 hr dark cycle, constant that seen with mper1. A difference between frq and darkness, or under entrainment conditions show that mper1 is that the message levels of frq begin to decline mper1 is maximally expressed at ZT/CT6, whereas after 15 min and are close to background levels by 2 hr mper2 lags behind by approximately 4 hr. However, (Crosthwaite et al., 1997) . mper2 is expressed at ZT/CT6, and thus, the neurons This and a previous study (Sun et al., 1997) show that of the SCN may contain transcripts from both genes.
the expression of mper1 and mper2 is entrainable by Assuming that the temporal expression pattern of the light. The molecular basis of entrainment may involve corresponding proteins mirrors that of the transcripts, mper1, because this gene is rapidly light-inducible and our data raise the possibility that mper1 and mper2 proencodes a putative transcription factor. A possible teins interact directly. The mper proteins have highly model is that light evokes a signal in the retina, which homologous PAS domains (61% identity), and others is transduced through the RHT to the ventral portion of have provided evidence that such PAS domains mediate the SCN, the region where mper1 is first transcribed. the interaction between different PAS domain-conThis sets up a positive autoregulatory loop of mper1 taining proteins and also the interaction with other transexpression. This initial expression establishes a condiacting factors (Huang et al., 1993; Lindebro et al., 1995;  tion in which light is no longer required to maintain Zelzer et al., 1997) . It is thus possible that mper1 and 2 mper1 expression. Our data show that mper1 expresform heterodimers with each other and with other prosion continues hours after the light pulse is terminated. teins such as clock. Clock transcripts are broadly exmper1 would then activate the mper2 gene, which is pressed in the brain including the SCN (King et al., 1997) .
not itself light-inducible. The 4 hr time delay between Several tissues, like testis and skeletal muscle, express mper1 and mper2 expression could be explained by mper1 and not mper2. In these tissues, mper1 may funca requirement of a threshold concentration of mper1 tion independently of mper2, possibly in conjunction protein to turn on mper2. with other PAS domain-containing proteins.
What could be the benefit of having both mper1 and The response of the mammalian circadian clock to mper2 genes? These two genes are clearly not redunlight is complex and little understood. The activation of dant: they are maximally expressed at different times of the circadian cycle, they differ with regard to their photoreceptors in the retina generates signals that are dark-field illumination. Images are videographs captured in Adobe response to light, and there are marked differences in Photoshop. the tissue expression profile. Thus, these two genes must have different regulatory regions, a diversity that
